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The introduction of massively parallel sequencing (MPS) in forensic investigation enables sequence‑
based large‑scale multiplexing beyond size‑based analysis using capillary electrophoresis (CE). 
For the practical application of MPS to forensic casework, many population studies have provided 
sequence data for autosomal short tandem repeats (STRs). However, SE33, a highly polymorphic 
STR marker, has little sequence‑based data because of difficulties in analysis. In this study, 25 
autosomal STRs were analyzed, including SE33, using an in‑house MPS panel for 350 samples from 
four populations (African–American, Caucasian, Hispanic, and Korean). The barcoded MPS library was 
generated using a two‑step PCR method and sequenced using a MiSeq System. As a result, 99.88% 
genotype concordance was obtained between length‑ and sequence‑based analyses. In SE33, the 
most discordances (eight samples, 0.08%) were observed because of the 4 bp deletion between the 
CE and MPS primer binding sites. Compared with the length‑based CE method, the number of alleles 
increased from 332 to 725 (2.18‑fold) for 25 autosomal STRs in the sequence‑based MPS method. 
Notably, additional 129 unique alleles, a 4.15‑fold increase, were detected in SE33 by identifying 
sequence variations. This population data set provides sequence variations and sequence‑based allele 
frequencies for 25 autosomal STRs.
Short tandem repeats (STRs) are representative markers used for forensic genetic identification and have been 
traditionally analyzed with capillary electrophoresis (CE)1. Recently introduced massively parallel sequencing 
(MPS), also known as next generation sequencing (NGS), is an alternative technology of CE in that dozens to 
thousands of forensic markers can be analyzed to the sequence level in a single  assay2,3. Investigating STRs with 
MPS is more useful than with CE for challenging casework such as degraded and mixture DNA. Because MPS, 
unlike CE, has no limit on size of amplicon, it can produce amplicons as small as possible, which is useful for 
analyzing degraded  DNA4. Also, MPS has an advantage in paternity  testing5,6 and mixture  deconvolution7,8, 
which require high discrimination power, because of the increased number of alleles observed when consider-
ing sequence variation.
As accessibility to MPS has improved in forensic genetics, various MPS–STR multiplex assays have been 
developed such as the monSTR identity  panel9, the ForenSeq DNA Signature Prep Kit (Verogen, San Diego, CA, 
USA) and Precision ID GlobalFiler NGS STR Panel v2 (Thermo Fisher Scientific, Waltham, MA, USA). In 2017, 
we built an MPS–STR panel that analyzes 25 forensic markers, consisting of 20 expanded CODIS core loci, three 
additional autosomal STRs (D6S1043, Penta E, and Penta D), and two sex-typing markers (Amelogenin and 
DYS391), and successfully analyzed the sequence structure of the Korean  population10. In the present study, this 
panel has been updated to include three additional loci, SE33, D4S2408, and Y-M175. The upgraded in-house 
MPS panel simultaneously amplified 28 forensic markers, consisting of 25 autosomal STRs and three sex-typing 
markers (Amelogenin, DYS391, and Y-M175), but in this study, sequence variation of 25 autosomal STRs will 
be analyzed. One of the newly added markers, the SE33, is a core locus used with the German national DNA 
database and is well known to be highly length and sequence  polymorphic11,12. Since it has been analyzed using 
various commercial CE panels such as the PowerPlex Fusion 6C (Promega, Madison, WI, USA) and GlobalFiler 
(Thermo Fisher Scientific), a lot of length-based data have been accumulated. However, because the commercially 
available MPS panel is limited and SE33 is difficult to analyze, the sequence-based data of SE33 are insufficient 
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compared with other  markers12,13. In addition, although SE33 is included in the Verogen’s ForenSeq panel, it 
has been analyzed independently and manually using additional bioinformatics tools such as STRait Razor 2.0 
because the ForenSeq Universal Analysis Software (UAS, Verogen) does not support the analysis of  SE3312. Mark-
ers in the in-house MPS–STR multiplex panel were designed to maintain compatibility with the commercial CE 
kits, the GlobalFiler and the PowerPlex Fusion System (Promega), and to share commonly included markers 
among three commercially available MPS kits, the ForenSeq DNA Signature Prep Kit, the PowerSeq 46GY System 
(Promega), and the Precision ID GlobalFiler NGS STR Panel v2.
To apply the MPS method in forensic practice, compilation of sequence data for each population is 
 important14–17. In this study, sequence variations of 25 autosomal STRs, including SE33, were analyzed using an 
in-house MPS panel in four representative populations: African–American, Caucasian, Hispanic, and Korean. 
Genotype concordance between the CE and MPS methods and the sequence-based structure of STRs were 
investigated using MPS data analysis pipeline. Further, the significance and utility of the sequence variations 
detected by MPS will be discussed in the analysis of challenging casework samples.
Materials and methods
Samples. The 350 unrelated samples used in this study included four populations: African–American 
(AfAm, N = 83), Caucasian (Cauc, N = 82), Hispanic (Hisp, N = 82), and Korean (Kor, N = 103). Eighty-three 
Korean samples were randomly selected from a previous  study10, and 20 new Korean DNA samples extracted 
from buccal swabs were added. Informed consent for DNA analysis and research was obtained from all par-
ticipants over 19 years old. Other population samples were purchased from Coriell Institute Cell Repository 
(Camden, NJ, USA). All samples were quantified using a Nanodrop 1000 spectrophotometer (Thermo Fisher 
Scientific) and normalized to 1 ng/μL. This study was approved by the Institution Review Board of Severance 
Hospital, Yonsei University, Seoul, Korea. All methods were performed in accordance with relevant guidelines 
and regulations.
In‑house MPS panel for analysis of 25 autosomal STR loci. The in-house multiplex PCR system 
used in this study was upgraded by adding D4S2408, SE33, and Y-M175 to the customized MPS panel intro-
duced  previously10. The upgraded system simultaneously amplified 28 markers: 20 expanded CODIS core loci 
(D1S1656, TPOX, D2S441, D2S1338, D3S1358, FGA, D5S818, CSF1PO, D7S820, D8S1179, D10S1248, TH01, 
vWA, D12S391, D13S317, D16S539, D18S51, D19S433, D21S11, and D22S1045), five additional autosomal STR 
loci (D4S2408, D6S1043, Penta E, Penta D, and SE33), and three sex-typing markers (Amelogenin, DYS391, and 
Y-M175).
PCR primers for D7S820, D8S1179, D13S317, D16S539, and D22S1045 were redesigned to increase PCR yield 
and eliminate minor PCR interference. Sequence and allele information for the added loci, D4S2408, SE33, and 
Y-M175, were collected through GenBank (http://www.ncbi.nlm.nih.gov/genba nk) and STRBase (http://www.
cstl.nist.gov/biote ch/strba se), respectively. Primers for targeted markers were designed using Primer3 (http://
bioin fo.ut.ee/prime r3-0.4.0/prime r3/). Primers were designed to avoid variations of > 1% on dbSNP build 153 
in binding sites (http://www.ncbi.nlm.nih.gov/proje cts/SNP/). Information on flanking region SNPs referred to 
the International Society for Forensic Genetics (ISFG)  Guidance18 and the Gettings’  study19.
PCR‑based MPS library preparation. The MPS library was constructed using two-step PCR, the same 
strategy used  previously10,20. First-round PCR generated amplicons using marker-specific primers with read 
sequences, and the second-round PCR made amplicons using sample-specific indices and platform-specific 
adaptor sequences. First-round PCR used 20 μL reaction volumes consisting of 1 ng of template DNA, 2 μL of 
Gold ST*R 10 × Buffer (Promega), 5 U of AmpliTaq Gold DNA Polymerase (Thermo Fisher Scientific), and an 
appropriate concentration of each primer, as shown in Supplementary Table S1. Thermal cycling was performed 
on a Veriti 96-Well Thermal Cycler (Thermo Fisher Scientific) at 95 °C for 11 min, 26 cycles at 94 °C for 20 s, 
59 °C for 1 min, and 72 °C for 45 s, followed by a final extension at 72 °C for 5 min with a 4 °C soak. Second-
round PCR used 20 μL reaction volumes consisting of 1 μL of tenfold diluted PCR product from the first-round, 
2 μL of Gold ST*R 10 × Buffer, 5 U of AmpliTaq Gold DNA Polymerase, and 2 μL of Index 1 (i7) and Index 2 (i5) 
from the Nextera XT index kit v2 (Illumina, San Diego, CA, USA). Thermal cycling was conducted on a Veriti 
96-Well Thermal Cycler at 95 °C for 15 min, 15 cycles at 94 °C for 20 s, 61 °C for 30 s, 72 °C for 45 s, and a final 
extension at 72 °C for 5 min with a 4 °C soak.
MPS library validation and pooling. Size ranges and concentrations of MPS libraries were confirmed 
using an Agilent DNA 1000 kit (Agilent Technologies, Santa Clara, CA, USA) on an Agilent 2100 Bioanalyzer 
(Agilent Technologies). MPS libraries were normalized at 10 ng/μL and purified using 1.2 × Agencourt AMPure 
XP beads (Beckman Coulter, Indianapolis, IN, USA) according to the manufacturer’s guidelines. The quality of 
pooled MPS libraries was assessed using an Agilent 2100 Bioanalyzer, and quantity was evaluated using KAPA 
Library Quantification Kits (Kapa Biosystems, Wilmington, MA, USA) for the Illumina platform on an AB 7500 
Real-Time PCR System (Thermo Fisher Scientific) according to the manufacturer’s instruction. Final libraries 
were normalized to 10 nM.
MPS data generation and sequence analysis. MPS was performed using a MiSeq Reagent Kit v2 
(2 × 250 cycles) or a MiSeq Reagent Kit v3 (2 × 300 cycles) with a MiSeq System (Illumina) according to the 
manufacturer’s instructions. Pooled libraries were sequenced, and FASTQ files were generated for each sam-
ple. FASTQ files were analyzed using STRait Razor 3.021, and the modified configuration file shown in Sup-
plementary Table S2 was used. Minimum coverage (analytical threshold; AT) was set to 5% of each marker. 
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The output file was produced in text format, and it contained the information for sequence-based alleles. All 
markers, except Y-M175, were analyzed using the read #1 sequence. Output files were analyzed using Micro-
soft Excel software. The flanking region sequences were acquired from the human reference genome GRCh38/
hg38, and STR sequence nomenclature followed ISFG  recommendation18 (Forensic STR Sequence Structure 
Guide v5) and Gettings’  report14.
Statistical analysis. Allele frequencies, observed heterozygosity  (Hobs), and expected heterozygosity  (Hexp) 
were calculated using Microsoft Excel. Likelihood ratio test of linkage disequilibrium (LD) for the syntenic STR 
loci was performed with Arlequin ver 3.522 (No. of permutations = 10,000, Significance level = 0.05).
Comparison of STR genotypes between CE and MPS methods. To establish a reference for the 
MPS data, conventional CE was performed for 350 samples. In this study, each sample was typed using the 
EzWay Kplex-23 PCR Kit (Komabiotech, Seoul, Korea) and Euplex-13 System, the in-house multiplex PCR kit 
(the detailed protocol is uploaded at http://foren sic.yonse i.ac.kr/proto cols.html). Amplicons were separated by 
size and detected on an AB 3130 Genetic Analyzer (Thermo Fisher Scientific) and genotyped using AB GeneMa-
pper ID Software Version 3.2 (Thermo Fisher Scientific).
Samples with tri-allele were reconfirmed using the PowerPlex Fusion System. MPS was reperformed for 
the samples with poor sequencing quality. To investigate the cause of the discordance between CE and MPS 
genotypes, Sanger sequencing was carried out in samples with discordant alleles using sequencing primers with 
universal primer sequence (M13F/R) in both directions.
Results and discussion
Sequencing quality for the in‑house MPS panel. The 350 genomic DNA samples from four popula-
tions were sequenced using the MiSeq System in several batches. More than 182,000 reads per sample were 
obtained, and all sequences used for analysis had more than 100 reads. The average depth of coverage (DoC) 
per marker was minimal for SE33 (3961 reads) and maximal for D2S441 (6703 reads). DoC differences between 
markers were less than 1.69 × for 25 autosomal STR loci. On average, the allele coverage ratio (ACR) was mini-
mal for Penta E (0.64) and maximal for TH01 (0.86). These show that the in-house MPS panel generates data 
with even coverage between markers and samples. Detailed information on average DoC and ACR of each 
marker is presented in Supplementary Figs. S1 and S2.
Moreover, the in-house panel produces amplicons with sizes smaller than 258 bp (all markers were less than 
220 bp, except SE33) so that more reliable and accurate sequence data can be obtained from degraded  samples4, 
while the amplicon size range for 27 autosomal STRs in the ForenSeq DNA Signature Prep Kit is 61–481  bp23. 
Detailed size range information of our in-house MPS panel is presented in Supplementary Table S3 on the basis 
of the analyzable range for several MPS assays reported in the Gettings’  study24. For each locus, primer binding 
sites are indicated by hatched lines.
Concordance of STR genotypes between CE and MPS methods. Concordance rate for 28 foren-
sic markers, 25 autosomal STRs and three sex-typing markers, between CE and MPS methods was 99.88% 
(9788/9800). The remaining 0.12% (12/9800) genotype discordance was classified into three types. (1) In FGA, 
one sample (in one allele, 0.01%) showed discordance by allele dropout in MPS result. In this case, heterozy-
gous alleles 20 and 49.2 were genotyped using the CE method. However, using MPS, homozygous allele 20 was 
genotyped. Dropout allele occurs because of the differences in PCR efficiency between heterozygous alleles with 
large size differences in the FGA, which has a large allelic range of 14–51.2. In this study, the allele 49.2 was 
recovered by lowering the threshold (25×), and the sequence structure is as follows; [GGAA]4 GGAG [AAAG]3 
[GAAG]4 [AAAG]17 [ACAG]3 [AAAG]12 AA AAAA [GAAA]4. (2) In vWA, three samples (in three alleles, 
0.03%) displayed discrepancies by dropout of MPS-based allele. As a result of Sanger sequencing, the flanking 
region SNP rs771794429 was detected at the MPS primer binding site of the dropped out alleles in vWA. The 
SNP was found in alleles 14 and 15 in African–American samples on our dataset and also mainly observed in 
alleles 12–15 in African–American samples on other  studies14,15. Furthermore, Devesse et al.25 reported the SNP 
in alleles 13–15 in only West African samples, not North East African. This implicates that the rs771794429 
is potentially African population specific and might be linked with specific alleles. In this respect, caution is 
required when analyzing the vWA for African samples using the MPS panel suggested in this study. (3) In 
SE33, eight samples (in nine alleles, 0.08%) represented genotype discordance. In one sample, alleles 12 and 17 
were genotyped by CE. However, alleles 13 and 17 were genotyped by MPS. A 4 bp deletion (rs369314007) was 
observed between CE and MPS primer binding sites by Sanger sequencing. All other samples also presented 4 bp 
deletions between CE and MPS primer binding sites in the 3′ flanking region. Some polymorphisms might be 
observed between CE and MPS primer binding sites, because the CE amplicon size was designed to be large in 
the GlobalFiler (307–438 bp)26 and Euplex-13 (171–321 bp) systems, while the in-house MPS amplicon size was 
designed to be as small as possible (120–258 bp). The 4 bp deletion caused the sequence-based alleles to be one 
repeat larger than length-based alleles. Of nine alleles, four alleles showed [TTTT/–] deletion (rs369314007), 
and five alleles showed [TCTT/–] deletion (rs1371483225). In one case, these two 4 bp deletions (rs369314007 
and rs1371483225) occurred simultaneously in each heterozygous allele of one sample (CE-based alleles are 
16 and 23.2, and MPS-based alleles are 17 and 24.2). The two 4 bp deletions (rs369314007 and rs1371483225) 
that produced the genotype discordance observed in this study were reported by Borsuk et al.12. The discordant 
genotypes of SE33 are fully explained by deletions in the flanking region. Considering these 4 bp deletions, the 
sequence- and length-based alleles show 100% concordance in SE33. Detailed allele discrepancy information is 
provided in Supplementary Table S4.
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Fifteen tri-allelic genotypes were observed in 350 samples for 25 autosomal STR loci: four at SE33, three at 
D18S51, two at FGA, and one at D2S1338, D4S2408, D8S1179, D12S391, Penta E, and D16S539. Each tri-allele 
was identified by more than one method, and detailed information is provided in Supplementary Table S5.
Sequence variation and allele gain. All sequence structures observed in this study are presented in Sup-
plementary Table S6 and were analyzed by referring to the Supplementary Table S3 of the Gettings’  report14. Sup-
plementary Table S6 contains not only the sequence structures but also the calculated sequence-based allele fre-
quencies in four populations (African–American, Caucasian, Hispanic, and Korean). Conversion of sequences 
to length-based alleles for STR allows for backward compatibility with conventional CE-based data. Excluding 
the four dropped out alleles in FGA and vWA, the total number of alleles for the 25 autosomal STRs across four 
populations increased 2.18-fold. (The total number of length-based alleles was 332, and that of sequence-based 
alleles was 725.)
Figure 1 shows the number of length- and sequence-based alleles for each marker in four populations and the 
allele gain by sequence in repeat and flanking regions. These results are similar to previous studies using several 
commercial MPS  panels14–17,27,28. Four STR loci (TPOX, TH01, D10S1248 and D22S1045) of the 25 autosomal 
STRs showed no gain in the number of alleles by sequence. Of the remaining twenty-one STR loci, nineteen were 
distinguished by repeat region variation, and nine were identified by flanking region variation. Repeat region 
variations are mainly observed in SE33, D21S11, D12S391, and D2S1338. Most flanking region variations are 
represented at SE33, D7S820, D13S317, D5S818, and D16S539. Notably, SE33 has significant repeat and flank-
ing region variations. By identifying sequence variations of SE33, additional 129 unique alleles were detected, 
a 4.15-fold increase. D21S11, D12S391, and D2S1338 showed more than three-fold increases in the number 
of observed alleles. Four markers increased more than three-fold (SE33, D21S11, D12S391, and D2S1338) are 
complex/compound repeats. Owing to the combination of the number of repeat units and variations in the repeat 
region, complex/compound repeats showed a large increase in the number of unique sequence-based alleles. 
By contrast, simple repeats such as TH01, D10S1248, TPOX, and D22S1048 had few or no increased numbers 
of alleles by sequence.
Detailed information on the number of observed alleles for each population is presented in Supplementary 
Figs. S3–S6. SE33 showed the greatest increase (2.5-fold or more) in observed allele numbers for each popula-
tion. In addition, the rate of increase in the number of alleles by repeat region variations in SE33 and D2S1338 
markers was higher in the Korean and African–American populations, respectively, compared with that in other 
populations.
Thirty-one flanking region variations were observed at nine autosomal STR loci from all populations: seven 
at SE33, six at D13S317, five at D7S820, four at D16S539, three at Penta D, two each at D5S818 and vWA, and 
one each at D1S1656 and D18S51 (see Supplementary Table S7). Specifically, variations at the SE33 locus con-
sisted of four SNPs and three deletions, along with the highest number of flanking region variations observed. In 






















































































Figure 1.  Number of length- and sequence-based alleles for 25 autosomal short tandem repeats (STRs) across 
four populations (N = 350). Dropped out alleles in FGA and vWA were not included, and they are marked with 
*. The length-based alleles are in blue boxes, the sequence-based alleles by repeat region variation are in pink 
boxes, and the sequence-based alleles by flanking region variation are in green.
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[TCTA]n TCA [TCTA]n (alleles 14.3–19.3). This shows a potential linkage between a specific SNP and repeat 
sequence  variant29.
The sequence structure obtained by the MPS method was generalized to the motif based on the variation 
observed in the repeat and flanking regions (see Supplementary Table S8), as reported by Gettings et al.14. 
In general, variable stretches are indicated with “n”, and motifs with frequencies below 1% in all populations 
are classified as “all other motifs”. The differences in motif frequency of over 20% from other populations are 
indicated in red letters. Motif frequencies of [TCTA]n TCTG TCTA for D2S441 in Hispanic and TCTA TCTG 
[TCTA]n for D3S1358 in African–American populations were relatively high compared to others. By contrast, 
motif frequencies of [TCTA]n for D8S1179 in African–American and [AGAT]n [AGAC]n AGAT for D12S391 
in Caucasian populations were relatively low.
Of the three additional sex chromosome markers, DYS391 and Y-M175 markers showed no sequence vari-
ations, and the amelogenin Y had a SNP (rs375383821) in the African–American population. This SNP was 
confirmed to be African-specific by gnomAD.
Length‑ and sequence‑level analysis for SE33. The allele distribution pattern of SE33 is shown in 
Fig. 2. In the upper graph, a pattern of the total number of alleles by length appears bimodal distribution, which 
is similar to previous  studies12. In this graph, integer alleles were mainly observed in small allele (particularly 
allele 18) and microvariant alleles were shown in large allele (particularly allele 27.2). The lower graph shows the 
number of unique isoalleles – alleles of the same length but different sequence. For example, allele 22 has two 
unique isoalleles (CTTC [CTTT]21 rs9362477 and [CTTT]22 rs9362477), which are distinguished by repeat 
region variation. According to the Supplementary Table S8, the repeat structure of SE33 is basically [CTTT]
n. Different repeat structures are observed as this motif is interrupted by TT/CT, and/or the first repeat motif 
is changed to CTTC; [CTTT]n TT/CT [CTTT]m and/or CTTC [CTTT]n. The small sized alleles are mainly 
integer and have [CTTT]n motif, and the large sized alleles are usually 0.2 microvariant and have [CTTT]n TT/
CT [CTTT]m motif. The large alleles have more isoalleles because they have unique structures depending on the 
combination (n, m) of the number of repeat units before and after the TT/CT.
Figure 3 shows the flanking region polymorphisms observed when analyzing sequence-based SE33 in four 
populations using the in-house MPS panel (Details on the position of the polymorphisms are presented in 
Supplementary Table S7). Additional nine unique sequences were obtained by analyzing the flanking region 
sequence, and further identification can be performed for half out of observed alleles across four populations. 
Considering these flanking region polymorphisms and the repeat region variation together, SE33 would be a 
more polymorphic marker and useful for human identification and paternity testing.


































































































































Figure 2.  Allele distribution of SE33. The upper graph displays the total numbers of alleles by length. 
Microvariant alleles are indicated by hatched lines. The lower graph represents the number of isoalleles by 
variations in repeat and flanking regions.
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Population statistics. In Supplementary Table S9, expected heterozygosity and observed heterozygosity 
were calculated based on the allele frequencies obtained by length- and sequence-based methods. By analyzing 
STRs at sequence-level, seven STRs are more than 90% in  Hexp, while only two STRs with more than 90%  Hexp are 
observed in length-based analysis. SE33 showed the highest heterozygosity (97.3%) in sequence-based analysis, 
followed by D21S11 (93.0%), D2S1338 (92.4%), and Penta E (92.3%). By contrast, the highest heterozygosity 
increase between the CE and MPS methods was in D3S1358 (75.8% > 91.6%), followed by D5S818, D21S11, and 
D8S1179.
Supplementary Table S10 contains LD p values for the seven syntenic pairs in each population: TPOX-
D2S441, D2S441-D2S1338, D4S2408-FGA, D5S818-CSF1PO, D6S1043-SE33, vWA-D12S391, and D21S11-
PentaD. Among these seven syntenic pairs, significant level of LD (p < 0.05) were observed at TPOX-D2S441 in 
the Korean population (p value = 0.0279) and vWA-D12S391 in the Hispanic population (p value = 0.0388), but 
no significant LD was detected after Bonferroni correction. However, because D6S1043 and SE33 are very close 
in that the physical distance of two markers is 3.46 Mb and the recombination fraction is 0.044030, it is recom-
mended that only one of the profiles obtained from both markers is used when analyzing kinship.
Conclusion
Twenty-five autosomal STRs were successfully analyzed, including SE33, for 350 samples across four representa-
tive populations using the upgraded in-house MPS panel. Compared to standard CE method, the total number of 
alleles increased 2.18-fold in the MPS method. Identifying sequence variations in repeat and flanking regions of 
STRs by using MPS enhances the power of discrimination. Especially, sequence-based analysis of SE33 addition-
ally had 129 unique alleles, which showed a 4.15-fold increase. SE33 is highly polymorphic and useful not only 
for forensic human identification but also for complex kinship tests. The in-house MPS panel, which generated 
a well-balanced depth of coverage and short sized amplicons, is promising in the analysis of degraded DNA. In 
addition, if a more user-friendly MPS data analysis pipeline is available, it will encourage a researcher or prac-
titioner to easily accumulate sequence-based STR data for worldwide populations and facilitate the adoption of 
MPS in the forensic genetics.
Data availability
The datasets analyzed during the current study are available upon request by contact with the corresponding 
author (Kyoung-Jin Shin, KJSHIN@yuhs.ac).
Received: 4 September 2020; Accepted: 25 January 2021
References
 1. Jobling, M. & Gill, P. Encoded evidence: DNA in forensic analysis. Nat. Rev. Genet. 5, 739–751 (2004).
Figure 3.  Flanking region polymorphisms in SE33. The upper figure shows the relative positions of the seven 
polymorphisms observed in the flanking region of SE33. The lower table represents the sequence-based allele 
frequencies separated by flanking region polymorphisms for each population (N, the number of alleles observed 
in SE33): Red, rs9362477 (C>T); Navy, rs536914220 (C>T); Orange, rs1429028170 (C>T); Green, rs1391198277 
(delTTCT); Yellow, rs1452632862 (delT); Blue, rs151261950 (delCTTT); Purple, rs1277875566 (T>C).
7
Vol.:(0123456789)
Scientific Reports |         (2021) 11:4701  | https://doi.org/10.1038/s41598-021-82814-z
www.nature.com/scientificreports/
 2. Alonso, A. et al. Current state-of-art of STR sequencing in forensic genetics. Electrophoresis 39, 2655–2668 (2018).
 3. Bruijns, B., Tiggelaar, R. & Gardeniers, H. Massively parallel sequencing techniques for forensics: A review. Electrophoresis 39, 
2642–2654 (2018).
 4. Butler, J. M., Shen, Y. & McCord, B. R. The development of reduced size STR amplicons as tools for analysis of degraded DNA. J. 
Forensic Sci. 48, 1054–1064 (2003).
 5. Silva, D. S. B. S. et al. Paternity testing using massively parallel sequencing and the PowerSeq AUTO/Y system for short tandem 
repeat sequencing. Electrophoresis 39, 2669–2673 (2018).
 6. Li, H. et al. Applying massively parallel sequencing to paternity testing on the Ion torrent personal genome machine. Forensic Sci. 
Int. Genet. 31, 155–159 (2017).
 7. Van Neste, C., Van Nieuwerburgh, F., Van Hoofstat, D. & Deforce, D. Forensic STR analysis using massive parallel sequencing. 
Forensic Sci. Int. Genet. 6, 810–818 (2012).
 8. Fordyce, S. L. et al. Second-generation sequencing of forensic STRs using the Ion Torrent HID STR 10-plex and the Ion PGM. 
Forensic Sci. Int. Genet. 14, 132–140 (2015).
 9. Silvery, J., Ganschow, S., Wiegand, P. & Tiemann, C. Developmental validation of the monSTR identity panel, a forensic STR 
multiplex assay for massively parallel sequencing. Forensic Sci. Int. Genet. 46, 102236 (2020).
 10. Kim, E. H. et al. Sequence-based diversity of 23 autosomal STR loci in Koreans investigated using an in-house massively parallel 
sequencing panel. Forensic Sci. Int. Genet. 30, 134–140 (2017).
 11. Butler, J. M. et al. The single most polymorphic STR Locus: SE33 performance in U.S. populations. Forensic Sci. Int. Genet. Suppl. 
Ser. 2, 23–24 (2009).
 12. Borsuk, L. A., Gettings, K. B., Steffen, C. R., Kiesler, K. M. & Vallone, P. M. Sequence-based US population data for the SE33 locus. 
Electrophoresis 39, 2694–2701 (2018).
 13. Alsafiah, H. M., Khubrani, Y. M., Sibte, H. & Goodwin, W. H. Sequence-based Saudi population data for the SE33 locus. Forensic 
Sci. Int. Genet. Suppl. Ser. 7, 9–11 (2019).
 14. Gettings, K. B., Borsuk, L. A., Steffen, C. R., Kiesler, K. M. & Vallone, P. M. Sequence-based US population data for 27 autosomal 
STR loci. Forensic Sci. Int. Genet. 37, 106–115 (2018).
 15. Novroski, N. M. M., King, J. L., Churchill, J. D., Seah, L. H. & Budowle, B. Characterization of genetic sequence variation of 58 
STR loci in four major population groups. Forensic Sci. Int. Genet. 25, 214–226 (2016).
 16. Devesse, L. et al. Concordance of the ForenSeq system and characterisation of sequence-specific autosomal STR alleles across two 
major population groups. Forensic Sci. Int. Genet. 34, 57–61 (2018).
 17. Phillips, C. et al. Global patterns of STR sequence variation: Sequencing the CEPH human genome diversity panel for 58 forensic 
STRs using the Illumina ForenSeq DNA Signature Prep Kit. Electrophoresis 39, 2708–2724 (2018).
 18. Parson, W. et al. Massively parallel sequencing of forensic STRs: Considerations of the DNA commission of the International 
Society for Forensic Genetics (ISFG) on minimal nomenclature requirements. Forensic Sci. Int. Genet. 22, 54–63 (2016).
 19. Gettings, K. B., Aponte, R. A., Vallone, P. M. & Butler, J. M. STR allele sequence variation: Current knowledge and future issues. 
Forensic Sci. Int. Genet. 18, 118–130 (2015).
 20. Lee, E. Y. et al. Massively parallel sequencing of the entire control region and targeted coding region SNPs of degraded mtDNA 
using a simplified library preparation method. Forensic Sci. Int. Genet. 22, 37–43 (2016).
 21. Woerner, A. E., King, J. L. & Budowle, B. Fast STR allele identification with STRait Razor 3.0. Forensic Sci. Int. Genet. 30, 18–23 
(2017).
 22. Excoffier, L. & Lischer, H. E. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under Linux 
and Windows. Mol. Ecol. Resour. 10, 564–567 (2010).
 23. Verogen, ForenSeq DNA Signature Prep Reference Guide rev. A (2018).
 24. Gettings, K. B. et al. Report from the STRAND Working Group on the 2019 STR sequence nomenclature meeting. Forensic Sci. 
Int. Genet. 43, 102165 (2019).
 25. Devesse, L. et al. Classification of STR allelic variation using massively parallel sequencing and assessment of flanking region 
power. Forensic Sci. Int. Genet. 48, 102356 (2020).
 26. Thermo Fisher Scientific, GlobalFiler and GlobalFiler IQC PCR Amplification Kit User Guide rev. F (2019).
 27. Silva, D. S. B. S. et al. Genetic analysis of Southern Brazil subjects using the PowerSeq AUTO/Y system for short tandem repeat 
sequencing. Forensic Sci. Int. Genet. 33, 129–135 (2018).
 28. Barrio, P. A. et al. Massively parallel sequence data of 31 autosomal STR loci from 496 Spanish individuals revealed concordance 
with CE-STR technology and enhanced discrimination power. Forensic Sci. Int. Genet. 42, 49–55 (2019).
 29. Gettings, K. B., Aponte, R. A., Kiesler, K. M. & Vallone, P. M. The next dimension in STR sequencing: Polymorphisms in flanking 
regions and their allelic associations. Forensic Sci. Int. Genet. Suppl. Ser. 5, e121–e123 (2015).
 30. Phillips, C. et al. The recombination landscape around forensic STRs: Accurate measurement of genetic distances between syntenic 
STR pairs using HapMap high density SNP data. Forensic Sci. Int. Genet. 6, 354–365 (2012).
Acknowledgements
This study was supported by the Bio & Medical Technology Development Program of the National Research 
Foundation (NRF) funded by the Ministry of Science and ICT (NRF-2014M3A9E1069989). We thank Sae Rom 
Hong, Mi Hyeon Moon, and Sumin Joo for reviewing the figures.
Author contributions
K.-J.S. designed and supervised the experiment, Y.-L.K., B.M.K., and E.Y.L. conducted the experiment, and Y.-
L.K. analyzed the results and wrote the manuscript. All authors reviewed the manuscript.
Competing interests 
The authors declare no competing interests.
Additional information
Supplementary Information The online version contains supplementary material available at https ://doi.
org/10.1038/s4159 8-021-82814 -z.
Correspondence and requests for materials should be addressed to K.-J.S.
Reprints and permissions information is available at www.nature.com/reprints.




Scientific Reports |         (2021) 11:4701  | https://doi.org/10.1038/s41598-021-82814-z
www.nature.com/scientificreports/
Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
© The Author(s) 2021
